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Polyelectrolyte multilayers �PEMs� based on the combinations poly�diallyldi-
methylammonium chloride�/poly�acrylic acid� �PDADMAC/PAA� and poly�allyl-
amine hydrochloride�/PAA �PAH/PAA� were adsorbed on poly�dimethylsiloxane�
�PDMS� and tested for nonspecific surface attachment of hydrophobic yeast cells
using a parallel plate flow chamber. A custom-made graft copolymer containing
poly�ethylene glycol� �PEG� side chains �PAA-g-PEG� was additionally adsorbed
on the PEMs as a terminal layer. A suitable PEM modification effectively decreased
the adhesion strength of Saccharomyces cerevisiae DSM 2155 to the channel walls.
However, a further decrease in initial cell attachment and adhesion strength was
observed after adsorption of PAA-g-PEG copolymer onto PEMs from aqueous
solution. The results demonstrate that a facile layer-by-layer surface functionaliza-
tion from aqueous solutions can be successfully applied to reduce cell adhesion
strength of S. cerevisiae by at least two orders of magnitude compared to bare
PDMS. Therefore, this method is potentially suitable to promote planktonic growth
inside capped PDMS-based microfluidic devices if the PEM deposition is
completed by a dynamic flow-through process. © 2010 American Institute of
Physics. �doi:10.1063/1.3523059�

I. INTRODUCTION

At present, there exists a great interest in high-throughput screening methods in chemistry and
materials research as well as in process development of biological systems, making use of inno-
vative cultivation techniques. Advances in miniaturization enable a global reduction of experimen-
tal costs for process development by taking advantage of parallelization and intensified mass
transfer in microbioreactors. However, at the microscale level, completely different parameter
dependencies and new phenomena may occur. Primarily, direct interactions between micro-
organisms and bioreactor walls become much more important due to the increased surface-to-
volume ratio. Since these interactions are usually not considered or even completely neglected on
a macroscale, new challenges in the manufacture and specific functionalization of microdevices
arise.

In general, for high-throughput screening as well as for scale-up or scale-down purposes,
current microfluidic devices used for cultivation of microorganisms must be prepared from bio-
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compatible and inert materials that allow cultivation in planktonic form.1 However, most of the
manufacturing materials that meet the demands for biocompatibility and are therefore widely used
in microproduction, especially silicones such as poly�dimethylsiloxane� �PDMS� and related ma-
terials, exhibit surface properties that favor unspecific cell adhesion owing to their strong hydro-
phobicity.

The objective of the present work was therefore to provide a process allowing the “lining” of
already sealed PDMS-based microfluidic devices with coatings exhibiting a minimized nonspecific
adhesive interaction with hydrophobic microorganisms or particles. In the present work the cell
adhesion strength on coated PDMS model surfaces was investigated using the yeast strain
S. cerevisiae DSM 2155. Due to its hydrophobicity,2 this strain has a strong tendency to flotation
and to adhesive growth on hydrophobic material surfaces, impairing the biological screening
process in PDMS-based microbioreactors with non-modified surfaces.

The most common surface hydrophilization methods for PDMS microfluidic devices de-
scribed in the literature are either based on physisorption of hydrophilic molecules or on covalent
modification.3–5 Covalent modification methods for hydrophilization involving different “grafting
from” and “grafting to” techniques,6 grafting of poly�ethylene glycol� �PEG�-silanes7 or
PEG-methacrylate,8 usually should be combined with preceding physicochemical surface activa-
tion by O2 plasma, UV/ozone, or corona treatment to create suitable anchoring groups. Alterna-
tively to covalent coupling, swelling of PDMS in organic solvents can also be used to modify the
PDMS surface by diffusion of amphiphilic block copolymers into the PDMS matrix.9

Unfortunately, due to a number of boundary conditions dictated by the special geometries of
microbioreactors and the multitude of materials generally involved, the choice of feasible pro-
cesses for the present work is substantially narrowed down. Plasma treatment at 1 bar pressure is
in principle possible in sealed microfluidic devices consisting only of dielectric materials;10 but
microfluidic devices are usually hybrid systems consisting not only of PDMS but many other
materials �glass, steel, gold, and other polymers� which have to be functionalized simultaneously.
The presence of metallic parts such as electrodes, fluorescence sensors, or connectors generally
precludes the application of gas discharges. Extensive use of nonpolar organic solvents for swell-
ing and subsequent incorporation of amphiphiles is also generally not possible due to the risks of
debonding and destroying the device. Radical polymerization in situ processes, as they are in-
volved in “grafting from” approaches, are practically precluded because of the difficult deaeration
of the microdevice.

Therefore, a very feasible and realistic method to achieve the objectives of this work would be
an adsorption process from aqueous solutions. In the literature the adsorption of amphiphilic block
copolymer such as Pluronic™ �BASF, Germany� has frequently been used to achieve protein
repellency.4 These copolymers are anchored to the PDMS surface by a hydrophobic interaction
which is quite strong in water. However, in the present case, owing to the necessity to assure
monoseptic culture conditions, the microbioreactor must be rinsed with ethanol for disinfection.
Therefore it was preferred not to rely on hydrophobic interaction and it was decided to use
layer-by-layer �lbl� deposition of polyelectrolyte multilayers �PEMs� after a gentle pretreatment of
the PDMS surface by aqueous HCl /H2O2 at room temperature, providing a silanol-covered
surface11 which is expected to furnish a more stable adhesion of the PEMs.

PEMs represent versatile tools for surface modification for various applications12 as they can
be assembled by alternate adsorption of oppositely charged polyelectrolytes from aqueous solution
and, using a dynamic flow-through method,13 can even form coatings in sealed microsystems like
microbioreactors. The deposition of PEMs is applicable to virtually any material and shape. So far,
different kinds of PEMs were successfully applied to control, i.e., either promote or inhibit,
adhesion of several mammalian cell types14–16 or bacteria17 on different materials. Less attention,
however, has been paid to hydrophobic yeast cell adhesion on PEMs with a special focus on
capped microdevices.

In order to compare the cell repellency of PEM surfaces with PEGylated surfaces, a number
of PDMS/PEM samples were provided with an adsorbed top layer of a poly�acrylic acid�-graft-
poly�ethylene glycol� �PAA-g-PEG� graft copolymer. PEG is commonly considered the material of
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choice for preventing bioadhesion in general18 and has been shown to reduce protein or bacterial
adhesion on surfaces effectively.19–23 Several research groups have treated the adsorption of graft
copolymers with PEG side chains attached to positive polyelectrolytes such as poly�ethylene
imine� or poly-L-lysine.24–27 Adsorption of PAA-g-PEG on PEM surfaces and cell repellency of
thus modified surfaces has to date not yet been reported.

In this study, the strength of cell adhesion on the PEM- or PEM-PEG-modified PDMS sur-
faces was investigated using parallel plate flow chamber experiments.28–30 In addition, a compari-
son was made with the cell repellent capabilities of a PEG-silane modified PDMS. For this
method, plasma pretreatment was used, as already reported in the literature.7

II. MATERIALS AND METHODS

A. Polyelectrolytes and other chemicals

Poly�diallyldimethylammonium chloride� �PDADMAC� �Mw=250–300 kg /mol�, 1-
hydroxybenzotriazole �HOBT�, N ,N�-diisopropylcarbodiimide �DIC�, N ,N-dimethyl-formamide
�DMF�, hydrochloric acid �HCl�, sodium hydroxide �NaOH�, and sodium chloride �NaCl� were
obtained from Sigma-Aldrich �Germany�. Poly�allylamine hydrochloride� �PAH�
�Mw=60 kg /mol� and PAA �Mw=200 kg /mol� were provided from Polysciences Europe GmbH
�Eppelheim, Germany�. A methoxy-terminated PEG-amine �mPEG-NH2� �Mw=5000 g /mol�
was purchased from Rapp-Polymere �Tübingen, Germany�. Hydrogen peroxide came from
Roth �Karlsruhe, Germany�. 2-�methoxy�polyethylene-oxy�propyl�-trimethoxysilane �90%�
�PEG-silane� was obtained from ABCR GmbH �Karlsruhe, Germany� and toluene and ethanol
from J. T. Baker �Griesheim, Germany�. All chemicals were used without further purification.

All polyelectrolyte solutions were prepared with ultrapure water �TKA MicroPure purification
stage, Niederelbert, Germany� using a polyelectrolyte concentration of 0.01 mol/l with respect to
the monomer unit. Directly before the coating process, the polyelectrolyte solutions of PAH and
PAA were carefully adjusted to a fixed pH using dilute NaOH or dilute HCl. The pH of the
PDADMAC solution was not adjusted, but in this case 0.1 mol/l NaCl was added to the solution.

B. Synthesis of PAA-g-PEG copolymer

To obtain a grafting ratio of g=5, as used in this study �g is the number of acrylic acid
monomers divided by the number of PEG side chains�, 19 mg DIC �0.15 mmol� and 20 mg HOBT
�0.15 mmol� were added to 5 ml of a 0.02M �based on AA mononer units� PAA solution �0.1 mmol
AA units� in DMF and reacted at 40 °C for 1 h. After addition of 100 mg mPEG-NH2

�0.02 mmol� the solution was kept at 40 °C for additional 20 h. The DMF was subsequently
removed in a rotary evaporator and the resulting nominal PAA�200�-5-PEG�5� copolymer �the
expressions in brackets refer to the molecular weights of the polymers, given in kg/mol� was
dissolved in 5 ml water and dialysed against water for one week, using a 100 kDa molecular
weight cutoff filter �Spectra/Por® CE Float-A-Lyzer® G2, Spectrum Laboratories, purchased from
Sigma-Aldrich, Germany�.

C. Preparation of PDMS and steel surfaces

PDMS base and curing agent �Sylgard 184 elastomer kit, Dow Corning, Midland, MI, USA�
were mixed manually in the standard ratio of 10:1 for 5 min. After degassing, 7.85 ml of the still
liquid PDMS was poured on a planar glass using a viscous transfer pipette, leveled, and finally
heated to 70 °C for 1 h. After the crosslinking of the PDMS had terminated, the flexible sheet
�1 mm in thickness� was peeled off from the glass and cut to the size of 26�76 mm2. The PDMS
pieces were mounted void-free on a glass slide and washed in ethanol and ultrapure water. In a
second step, directly prior to the coating with PEMs, the PDMS was treated for 5 min in a solution
containing HCl �37%�, H2O2 �30%�, and H2O in a volume ratio of 1:1:5, afterwards it was rinsed
with ultrapure water for a minimum time of 10 min. For infrared �IR� analysis stainless steel foils
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�d=50 �m, Georg Martin GmbH, Germany� were mirror polished manually using water based
diamond suspension �MetaDi®, Buehler, Germany� with particle size from 3 �m �polishing time
12 min� down to 1 �m �polishing time 5 min� and cleaned by wiping with an acetone-soaked
tissue.

D. PEM coating and PEGylation

The deposition of PEM films was done by an automated dipping robot �Riegler & Kirstein
GmbH, Berlin, Germany�. PEMs were assembled by exposing the pretreated PDMS or the stain-
less steel foil alternately to the two polymer solutions for 2 min with three rinsing steps �2 min,
1 min, and 1 min� in between. During one such a cycle a polyelectrolyte double layer �DL� is
created on the surface. On several PEM films terminated with apolycation, the negatively charged
PAA�200�-5-PEG�5� copolymer was then adsorbed for 10 min �5 mM solution based on the
concentration of acrylic acid monomers, pH �3.5�, followed by 10 min rinsing in water under
agitation.

For PEGylation with PEG-silane, the PDMS surfaces were exposed to oxygen plasma
�75 ccm O2� in a barrel etcher type 308 PC �Surface Technology Systems, Newport, UK� for
30 s at 85 W and 140 mTorr. Directly afterwards, the activated samples were immersed in a
solution of 0.1M PEG-silane in toluene and stored for 30 min under continuous stirring.
Subsequently, the samples were rinsed twice with fresh ethanol for 20 min and finally dried in a
vacuum oven at 70 °C for 2 h.

To determine the effects of �a� different types of PEM coatings, �b� terminal polyelectrolyte
layer �surface charge�, �c� additional surface PEGylation of PEMs, and �d� a different PEGylation
method �PEG-silanization� on the adhesion strength of the hydrophobic yeast S. cerevisiae on
hydrophobic PDMS, the film combinations summarized in Table I were used.

Considering the different growing behavior of the films,14,31,32 a different number of double
layers was assembled. As determined via ellipsometry �SE 850, Sentech GmbH, Berlin, Germany�
on stainless steel surfaces, films based on PDADMAC/PAA and PAH7.5/PAA3.5 had a thickness
of approximately 120–150 nm, whereas for PAH/PAA coatings, assembled at solution pH of
2.0/2.0 and 6.5/6.5, respectively, the number of double layers was chosen with respect to a
reasonable coating time and therefore multiplied by three, resulting in approximately 30 nm thick

TABLE I. Coatings on PDMS used for adhesion experiments with yeast S. cerevisiae DSM 2155.

No. Film compositiona Terminal layerb

1 PDMS, uncoated reference Bare PDMS

2 �PAH2.0/PAA2.0�33 PAA ���
3 �PAH2.0/PAA2.0�32.5_PAA�200�-5-PEG�5� PEG

4 �PAH6.5/PAA6.5�33 PAA ���
5 �PAH6.5/PAA6.5�32.5_PAA�200�-5-PEG�5� PEG

6 �PAH7.5/PAA3.5�11 PAA ���
7 �PAH7.5/PAA3.5�10.5 PAH �+�
8 �PAH7.5/PAA3.5�10.5_PAA�200�-5-PEG�5� PEG

9 �PDADMAC@0.1M NaCl/PAA3.5�11 PAA ���
10 �PDADMAC@0.1M NaCl/PAA3.5�10.5 PDADMAC �+�

11
�PDADMAC@0.1M NaCl/

PAA3.5�10.5_PAA�200�-5-PEG�5� PEG

12 PEG-silane �adsorbed from 0.1M PEG-silane in toluene� PEG

aThe expression behind the polyelectrolyte name refers to the pH of the solution at assembly �for PAH and
PAA� or in the case of PDADMAC to the salt content of the solution. The number behind the brackets refers to
the number of adsorbed polyelectrolyte double layers �DL�, with one DL being a combination of one polycation
and one polyanion layer.
bTerminal layer: �−�=polyanion �PE−�, �+�=polycation �PE+�, and PEG=poly�ethylene glycol�.
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layers for 6.5/6.5. Compared to literature data,14 the �PAH2.0/PAA2.0�33 PEM turned out to be
unexpectedly thin as can be derived from Fig. 2�a� �confirmed by independent measurements�. The
same system also showed greater scatter in water contact angles, see below.

E. Surface characterization

In order to determine the extent of PEGylation highly sensitive Fourier transform infrared
spectroscopy in the attenuated total reflection mode �FTIR-ATR� was performed on the stainless
steel foil and not on PDMS itself as many IR signals of PEG are superimposed by strong vibra-
tions of the PDMS in the interesting regions. ATR measurements were completed using a Nicolet
5700 FT-IR spectrometer equipped with a DuraSamplIR single-reflection 45° diamond ATR
crystal using parallel polarized light �with respect to the plane of incidence�.

Additionally, the hydrophilicity of coated and uncoated PDMS, respectively, was character-
ized by dynamic measurements of advancing contact angles with water at a dosing rate of
0.06 �l /s �contact angle measuring instrument OCA 20, Dataphysics, Filderstadt, Germany�.
Between the preparation of the coatings and the contact angle measurements the samples were
stored in air under ambient conditions for a maximum time of 4 h.

F. Yeast cultivation

20 ml of the inoculum culture was cultivated in 100 ml shake flasks at 30 °C for 12 h. The
medium was the modified mineral VERDUYN medium set to a pH of 4.5. The preparation of the
medium has already been explained in detail by Edlich et al.33 For each parallel plate flow
chamber experiment, an individual shake flask was precultured. Since a cell adhesion experiment
in the microfluidic flow chamber lasted approximately 2 h, the inoculation was carried out in
intervals of this time period to obtain the same cell growing conditions for each subsequent test.
Cells were harvested in exponential growth phase after 12 h and the optical density �OD� of the
cell suspension was set to an OD600 nm of 0.2 �spectrophotometer Helios, Spectronic Unicam,
Cambridge, UK� directly before each experiment.

G. Parallel plate flow chamber experiments

Cell adhesion experiments were carried out in a parallel, home built rectangular flow chamber
of 64 mm length �l��4 mm width �w� and approximately 120 �m height �h� �see Fig. 1�.
The whole bottom plate consists of the PEM-coated PDMS sample and the upper transparent
poly�methyl methacrylate� plate contains a channel �in the above described dimensions� in which
the fluid inlet and outlet are mounted. The fluid inlet is connected to a syringe pump �neMESYS
Cetoni, Korbußen, Germany� for application of low volumetric flow rates and to a low-pulse
peristaltic pump �Watson-Marlow, Great Britain, 520U, 505L pump head� for high volumetric flow

FIG. 1. Scheme of the parallel flow channel used in this study �bottom: sectional view; top: channel profile�.
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rates. Assuming a fully developed laminar flow in the middle of the channel, the wall shear stress
��w in N /m2=Pa� acting on the upper and bottom plate of the channel can be estimated by

�w = � ·
3Q

2w�h/2�2 , �1�

where � is the dynamic viscosity of the fluid in kg/�ms� �for VERDUYN medium it was assumed to
be the same as for water� and Q is the volumetric flow rate in m3 /s.

As PDMS is a flexible material and might be compressed while fixing the chamber, the correct
channel height was determined prior to each adhesion experiment by measuring the pressure drop
between fluid inlet and fluid outlet for four different known volumetric flow rates of water.
Subsequently, the whole chamber was disinfected with a solution of 70% ethanol in water for three
minutes, rinsed with ultra pure water and flooded with the modified VERDUYN medium which
contained 1 g/l glucose. The chamber was then inoculated manually with 10 ml of a S. cerevisiae
cell suspension by syringe. The cells were allowed to settle onto the bottom plate for 20 min. In
order to achieve steady-state conditions before the adhesion experiments �e.g., removing cells that
did not adhere on the channel walls� the whole volume of the parallel plate flow chamber as well
as the inlet tube was exchanged at least three times at �w=0.1 Pa with fresh medium. After that
procedure, the number of cells remaining in an approximately 460�620 �m2 wide area situated
in the middle of the channel on the bottom plate was taken as the 100% reference value.

Similar to the method used by Guillemot et al.,30 the volumetric flow rate of the VERDUYN

medium �e.g., the wall shear stress� was then increased stepwise every 3 min up to a value of
128 N /m2, taking a microscope picture �Nikon, Japan, Eclipse LV150, Fig. 1� of the selected area
after each step. The adhering cells were counted out manually and for each coating the experiment
was repeated at least three times unless otherwise stated.

III. RESULTS AND DISCUSSION

A. FTIR analysis

Figures 2�a� and 2�b� show FTIR-ATR spectra obtained for several PEMs on stainless steel
before and after adsorption of PAA�200�-5-PEG�5�. The height of the PEG peaks in Fig. 2�b� gives
an indication of the amount of PAA-g-PEG adsorbed as well as a hint toward a pronounced
vertical PEG chain orientation on the surface.34 Interestingly, the amount of adsorbed PAA-g-PEG
copolymer depends on the type of PEM used as a base layer. In general, PAH/PAA-PEMs
assembled under acid conditions �e.g., at PAH/PAA solution pHs of 2.0/2.0� show low binding
affinity for PAA�200�-5-PEG�5�, whereas a high PEGylation degree, i.e., a high amount of
adsorbed PAA�200�-5-PEG�5�, can be achieved for PAH/PAA-PEMs deposited at pH of 7.5/3.5 as

FIG. 2. �a� FTIR-ATR spectra of the investigated PEM coatings on stainless steel before PEGylation �curves are arranged
according to the order of the labeling�. �b� FTIR-ATR spectra of PEM coatings on stainless steel after adsorption of
PAA�200�-5-PEG�5� copolymer �spectra of PEMs on stainless steel foil were subtracted�.
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well as for PDADMAC/PAA-PEMs. The change in film configuration due to adsorption of a
single monolayer �e.g., the change in surface charge� is pictured in Fig. 2�a�. After deposition of
PAA at pH 2.0 or pH 3.5 �11 and 33 DL, respectively; PAA not fully charged� an increase in peak
�shoulder� height between 1712 and 1720 cm−1 can be seen which is assigned to the adsorption of
protonated acid groups �COOH�. Deposition at pH 6.5, however, where PAA is near its fully
charged state, leads to a predominant increase of the carboxylate peak �COO−� at
1561–1570 cm−1. In general, after deposition of positively charged polyelectrolytes �PAH and
PDADMAC; 10.5 DL/32.5 DL and 10.5 DL, respectively� which are in an almost fully or com-
pletely charged state, a decrease of the COOH signal, usually together with an increase in COO−

signal, is observed showing that some of the formerly protonated PAA groups become ionized
within the film, confirming that the positively charged polyelectrolyte is deposited.

B. Contact angle measurements

To determine hydrophilicity of the PEM and PEG coatings, measurements of dynamic contact
angle � were performed at about 38%–42% relative humidity. For all PEM/PEM-PEG films and
the PEG-silane coating hydrophilicity was enhanced compared to bare PDMS �equilibrium contact
angle ��115°�, indicating successful deposition. The contact angles of the coatings were
generally in the range between 12° and 50°.

For some PEM/PEM-PEG coatings � was quite reproducible and spatially homogeneous
across a single sample: PEGylated PDADMAC/PAA films, for example, repeatedly gave a contact
angle of ��21° in several deposition experiments. A few coatings, on the other hand, showed
significant differences between contact angles although they were always prepared under nomi-
nally identical conditions: �PAH2.0/PAA2.0� PEMs with PAA capping was the extreme example
with angles of 28° and 90° found in consecutive experiments. Some films exhibited unexpectedly
high contact angles in general �e.g., �PAH6.5/PAA6.5� layers with PAA capping: ��82°�. It has
been shown in the literature that contact angles of PEM coatings do not only depend on the
composition of the multilayers but also on their history with respect to previous contacts with
water and their present state of swelling.35 Therefore, in spite of relatively small time intervals
between film preparation and measurements, our observations are possibly to some extent due to
this factor. However, it cannot completely be excluded that in case of the less hydrophilic surfaces
���80°� an incomplete coverage of the PDMS surface with these PEMs, possibly due to an
inhomogeneous distribution of silanol anchoring groups, could be responsible.

At this point it should be mentioned that a large contact angle did not necessarily correlate
with an increase in yeast cell adhesion. Examples are PEGylated �PAH6.5/PAA6.5� layers which,
although exhibiting contact angles in the range of ��53° –64°, showed very low �w50% values
��w50%: wall shear stress at which 50% of the initially adherent cells have been removed from the
surface� comparable to those of other, significantly more hydrophilic, PEM, e.g., PEGylated
�PAH7.5/PAA3.5� layers with ��16° –22° �see Fig. 5�.

In our opinion the observed water contact angle can in fact give a hint toward effective film
deposition and support interpretation of adhesion data �e.g., large scattering� but, taken alone, it is
not sufficient for comprehensive explanation. Other factors such as mechanical properties36 and
the state of swelling of the coatings under given environmental conditions are expected to play a
major role in yeast cell adhesion.

C. Detachment experiments using the parallel plate flow chamber

In Figs. 3�a�–3�c� the relative number of remaining yeast cells, i.e., the ratio of presently
adherent to initially adherent yeast cells, is presented with respect to the applied wall shear stress
� for uncoated PDMS �squares� and examples for PEM modified PDMS surfaces terminating with
either a polycation �circles�, a polyanion �triangles� or a PAA�200�-5-PEG�5� layer �diamonds�. In
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Fig. 3�c� the detachment profiles of a PEGylated PEM on PDMS and the PEG-silane modified
PDMS are compared.

As can be seen from Figs. 3�a�–3�c�, both PEMs and PEM-PEG films, as well as the PEG-
silane coating, are able to significantly reduce the adhesion strength of S. cerevisiae with respect
to bare PDMS while the efficiency of some coatings is clearly superior in comparison. The
efficiency in reduction can be estimated by considering the value of �w50%, i.e., the value of the
wall shear stress at which the relative number of initially adherent cells �see Fig. 4 for absolute

FIG. 3. �a� Relative number of remaining cells as a function of the wall shear stress �w for PDADMAC/PAA coatings. �b�
Relative number of remaining cells as a function of the wall shear stress �w for PEM coatings assembled at PAH/PAA
solution pH of 7.5/3.5. �c� Relative number of remaining cells as a function of the wall shear stress �w for a PEGylated
PEM compared to PEG-silane modified PDMS �in the case of PEG-silane the experiment was repeated twice instead of
three times�.

FIG. 4. Absolute number of remaining cells after application of �w=0.1 N /m2 for all PDMS surface modifications
investigated in this study �coating numbers according to Table I�. Same colors refer to the same type of PEM. No hatching:
PEMs terminating with negatively charged polyelectrolyte �PE−�. Cross-hatched: PEMs terminating with positively
charged polyelectrolyte �PE+�. Striped: PEMs capped with PAA�200�-5-PEG�5� or PEG-silane.
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number of initially adherent cells� is reduced to 50%.29,30,37 The values of �w50% for all the PEM
coatings used in this study are summarized in Fig. 5. From the shown data, the following general
tendencies can be derived.

1. PEMs without PEG

For PDADMAC/PAA-PEMs, despite the interesting observation that the absolute number of
initially adhering yeast cells did not considerably differ from that of the other PEMs �Fig. 4�,
lower adhesion strengths compared to PAH/PAA-based PEMs were observed. Additionally, the
latter films generally showed larger experimental deviations, irrespective of assembly solution pH.

However, for both PDADMAC/PAA and PAH/PAA based coatings no distinct influence of the
outermost PE layer on yeast cell adhesion strength �i.e., �w50%�9�=1.6 N /m2 /�w50%�10�
=1.2 N /m2 and �w50%�6�=11.1 N /m2 /�w50%�7�=10.7 N /m2, respectively� and the initial cell
attachment �with respect to the large scattering for PAH capped �PAH7.5/PAA3.5� films� is visible.
These observations indicate that chemical composition of the layers and electrostatic interactions
between S. cerevisiae cells and the modified surfaces play only a minor role. With respect to the
small Debye length ��0.7 nm� at the ionic strength of the modified VERDUYN medium, the latter
result can clearly be explained by the minor contribution of double layer interactions to cell
adhesion. A possible explanation of the superior performance of the PDADMAC/PAA coatings
compared to the one of the PAH/PAA-PEMs might be their highly pronounced swellability38 in a
salt rich aqueous environment, strongly reducing the hydrophobic interaction between the cells of
the hydrophobic strain of S. cerevisiae and the channel wall.

In cultivation experiments with NR6WT fibroblasts Mendelsohn et al.14 found that the adhe-
sion of cells to PAH/PAA coated tissue culture polystyrene was strongly dependent on the pH used
for assembly of the polyelectrolytes. Cell adhesion was completely suppressed on PEMs deposited
under acid conditions such as �PAH2.0/PAA2.0�10, it was moderate on �PAH7.5/PAA3.5�10, and
cells were strongly adherent when PAH/PAA-PEMs were assembled at pH at which the ionic
crosslink density in the film was relatively higher and consequently the swellability lower like in
�PAH6.5/PAA6.5�25. However, this behavior could not be directly transferred to the adhesion of
S. cerevisiae onto PDMS observed in this study. A possible reason might be that, although 33 DL
were deposited for 2.0/2.0 and 6.5/6.5, respectively, the PEM film on the strongly hydrophobic
PDMS still is relatively thin, as can be derived from the FTIR spectra in Fig. 2�a�. Therefore, the
hydrophobic PDMS might still partially be in contact with the cell suspension. The tendency with

FIG. 5. Value of �w50% �based on linear interpolation� for all PDMS surface modifications investigated in this study
�coating numbers according to Table I�. Same colors refer to the same type of PEM. No hatching: PEMs terminating with
negatively charged polyelectrolyte �PE−�. Cross-hatched: PEMs terminating with positively charged polyelectrolyte �PE+�.
Striped: PEMs capped with PAA�200�-5-PEG�5� or PEG-silane.
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respect to the work of Mendelsohn et al., however, can be seen here as well with the �PAH6.5/
PAA6.5� PEM �coating number 4, see Fig. 5� exhibiting the comparatively largest adhesion
strength ��w50%,�4�=75.2 N /m2�.

2. PAA-g-PEG capped PEMs and PEG-silane

The strongest decrease in adhesion strength can be achieved for PEMs with immobilized
PAA-g-PEG as a terminal layer. For example, the coating with the best performance observed in
this study, �PDADMAC@0.1M NaCl/PAA3.5�_PAA�200�-5-PEG�5�, reduces the adhesion
strength by more than two orders of magnitude compared to unmodified PDMS ��w50%�11�
=0.8 N /m2 and �w50%�1�=107.0 N /m2, respectively� and to approximately half the �w50%-value
of its non-PEGylated counterparts. Compared to the PEG-silane coated PDMS which serves as an
example of a frequently used PEGylation method the �w50%-value is approximately one-third
��w50%�12�=2.9 N /m2�. The mentioned �PDADMAC@0.1M NaCl/PAA3.5� based coatings also
showed the best reproducibility of the PEM and PEM-PEG films investigated in this study. On all
PEM surfaces that bind a considerable amount of PAA-g-PEG ��PAH7.5/PAA3.5�, �PAH6.5/
PAA6.5�, and �PDADMAC@0.1M NaCl/PAA3.5�, see Fig. 2�b��, the absolute number of initial
adhering cells is in general significantly lower in comparison with their non-PEGylated counter-
parts �with respect to the large variations concerning the �PAH7.5/PAA3.5� system�.

Contrary to what one might expect from the latter observation, the reduction in cell adhesion
strength for the PEGylated PEMs compared to their non-PEGylated counterparts is not directly
related to the amount of surface bound PAA-g-PEG: The film �PAH6.5/PAA6.5�, e.g., which
shows the largest reduction in �w50% after PEGylation �approximately factor 70, compared to
factor 9 for �PAH7.5/PAA3.5�� does not bind the largest amount of PAA-g-PEG �according to the
FTIR measurements, see Fig. 2�.

This result suggests that not only the absolute amount of absorbed PAA-g-PEG but also other
factors like film morphology �flat films/loop rich films�, the homogeneity of the PEGylation and
the stability of PAA-g-PEG on a particular PEM �some of the already bound PAA-g-PEG might
get lost during the experiment� influence cell adhesion strength. With respect to these factors a
certain density of PEG chains seems to be sufficient to reach a level of �w50% around 1.1 to
1.3 N /m2. Nevertheless, with a PEM that binds a high amount of PAA-g-PEG and also shows a
high �w50% reduction in its non-PEGylated state, e.g., the PDADMAC/PAA-PEMs, the lowest
�w50%-value is achieved in this study.

3. Stability of the PEM-PEG-coatings

An important property of the functional coatings under study is their stability in the relevant
environment. It should therefore be pointed out that all the results described above were obtained
after the PEM-PEG films were subject to �1� the procedure of channel height determination in
water under shear stresses up to about 50 N /m2, i.e., at the given channel geometry, mean
overflow velocities of about 1 m/s, �2� disinfection with ethanol �3 min�, and �3� the exposure to
yeast cells containing VERDUYN media of high ionic strength �during the 20 min settling phase of
the cells�. Although it cannot be precluded that some of the PEGylated PEM films lose some
PAA-g-PEG from the surface during the procedure described above, no delamination of the films
could be observed by optical microscopy during the whole duration of each parallel plate flow
chamber experiment �about 2 h�.

IV. CONCLUSIONS

Different PEM surface modifications of PDMS were performed to reduce attachment and
adhesion strength of the hydrophobic yeast S. cerevisiae DSM 2155. As determined by parallel
plate flow chamber experiments, the adhesion strength, expressed by the �w50%-value, of
S. cerevisiae DSM 2155 on PDMS can be controlled by the type of PEM used. While all
multilayer modifications significantly reduced the adhesion strength compared to that of bare
PDMS, some differences in, e.g., efficiency and reproducibility �scattering� of cell adhesion data
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could be observed. Especially PEMs based on PDADMAC/PAA and those with surface bound
PAA-g-PEG copolymer behaved superior to the others.

For �PDADMAC@0.1M NaCl/PAA3.5�10.5_PAA�200�-5-PEG�5� the �w50%-value was two
orders of magnitude lower compared to bare PDMS and was approximately one third of the value
of conventionally PEG-silane modified PDMS. Interestingly, although �w50% differed from coating
to coating, the initial number of adherent cells on PEMs without PAA-g-PEG capping or with low
binding affinity for the PAA-g-PEG copolymer did not vary to a great extent, but was in general
reduced compared to non-modified PDMS. However, a PEM with high binding affinity for PAA-
g-PEG also showed a reduction of the initial yeast cell attachment.

The PEM surface charge did not have a significant influence on neither initial attachment nor
the adhesion strength under the given environmental conditions. The PEM-PEG coatings on
PDMS exhibited their functionality after treatment in different media �water, ethanol, VERDUYN

medium� under shear flow and are therefore considered to possess a certain stability.
Conclusively, the lbl modification using the combined properties of PEMs and PAA-g-PEG

seems to be a promising method to generate films with defined adhesion behavior toward micro-
organisms or other particles inside already capped microfluidic devices. The combination of lbl
deposition time, the reproducibility of film properties �correlated with scatter in cell adhesion
data�, and the capability to serve as an anchoring layer to stable adsorption of PAA-g-PEG
copolymer determine the practical relevance of a single PEM type for surface modification. In this
study, some possibly more suitable PEM coatings and PEM-PEG combinations could be distin-
guished from others. Future work will focus on long-term stability of PEM-PEG films under
different environmental conditions.
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